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The isotope 163Ho is in manyways the best candidate to perform experiments to investigate the value of the
electron neutrinomass. It undergoes an electron capture process to 163Dywith an energy available to the decay,
QEC, of about 2.8 keV. According to the present knowledge, this is the lowestQEC value for such transitions.
Herewe discuss a newly obtained spectrum of 163Ho, taken by cryogenic metallic magnetic calorimeters with
163Ho implanted in the absorbers and operated in anticoincident mode for background reduction. For the first
time, the atomic deexcitation of the 163Dy daughter atom following the capture of electrons from the 5s
shell in 163Ho, the OI line, was observed with a calorimetric measurement. The peak energy is determined
to be 48 eV. In addition, a precise determination of the energy available for the decay QEC¼
ð2.8580.010stat0.05systÞkeV was obtained by analyzing the intensities of the lines in the spectrum.
This value is in good agreement with the measurement of the mass difference between 163Ho and 163Dy
obtained by Penning-trap mass spectrometry, demonstrating the reliability of the calorimetric technique.
DOI: 10.1103/PhysRevLett.119.122501
Experiments investigating neutrino oscillations over short
and long baselines are achieving very high precision on
parameters composing the Pontecorvo-Maki-Nakagawa-
Sakata matrix and on the difference between the squared
mass states [1–3]. Besides the fact that neutrino oscillations
imply neutrinos are massive particles, the mentioned experi-
ments are not suitable to determine the absolute neutrino
mass scale. Therefore, a wide range of different approaches
are pursued to pin down the neutrino mass. The study of the
distribution of mass in the Universe is sensitive to the sum of
neutrino masses mtot ¼
P
mi and provides stringent limits
mtot < 1 eV [4,5]. The rate of the neutrinoless double beta
decay is a function of the effective Majorana mass
mββ ¼ j
P
U2eimij. By setting a lower limit on the half-life
for such a process, corresponding upper limits on mββ
ranging from 0.1–0.4 eV have been reported [6–8]. The
analysis of the kinematics of low-energy beta decays and
electron capture (EC) processes are used to determine the
effective mass of the electron (anti)neutrino m2effðνeÞ ¼P jU2eijm2i in a model-independent way, since just energy
andmomentum conservation are utilized. In both processes,
the shape of the measured spectrum is proportional to the
phase-space factor, which is a function of the neutrino mass.
Therefore, in both cases, the endpoint region of the spectrum
is mostly affected by the neutrino mass. At present, two
nuclides are favored for such direct neutrino mass experi-
ments: 3H undergoing β-decay [9–11] and 163Ho decaying
through EC [12–14] with the aim of achieving sub-eV
sensitivity on the electron (anti)neutrino mass. In both cases
the neutrino mass affects the shape of the spectrum in the
endpoint region. So far, the best limits have been achieved
for the electron antineutrino mass based on 3H, meffðνeÞ <
2.3 eV [15] and meffðνeÞ < 2.12 eV [16].
The isotope 163Ho has an energy available to the decay,
QEC, of about 2.8 keV. This is the lowest known QEC value
and makes 163Ho the best candidate for the investigation of
the electron neutrino mass by the analysis of an EC
spectrum. Recently the energy available to the EC process
in 163Ho was precisely determined, by Penning-trap mass
spectrometry, to beQEC¼ð2.8330.030stat0.015systÞkeV
[17]. This measurement is important not only because of
the small uncertainties, but mainly because it was obtained
as the difference between the mass of the parent 163Ho atom
and the mass of the daughter 163Dy atom; this method does
not depend on the decay modes of 163Ho, contrary to all
previous QEC measurements [18–21].
De Rújula and Lusignoli proposed in 1982 that, in the
case of 163Ho, it is possible to reach high sensitivity to a
nonzero electron neutrino mass if all the energy released in
the decay, besides the energy taken away by the electron
neutrino, is measured [22]. This method allows for a
reduction of systematic uncertainties with respect to
experiments where only the x-ray spectrum is measured
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[20,23–26], since it does not require the knowledge of x-ray
emission branching ratios and corrections due to radiation
absorption in the source itself or in nonactive parts of the
detector. In fact, the capture of 3s electrons leads to one
resonance, the MI line, in the calorimetrically measured
spectrum (see Fig. 4 in [27]), while in an x-ray spectrum the
same captures lead to a sum of resonances due to several
radiative transitions in decay cascades (see Fig. 7 in [24]).
Recently we have shown that the EC spectrum of 163Ho
can be measured with high precision using low temperature
metallic magnetic calorimeters (MMCs) [28,29]. These
results motivated the formation of the international collabo-
ration ECHo (Electron Capture in 163Ho Experiment) with
the aim of investigating the electron neutrino mass in the
sub-eV range by means of the high-precision and high-
statistics calorimetric measurement of the EC spectrum of
163Ho [12]. Meanwhile, two other international collabora-
tions have been established, HOLMES (Electron Capture
Decay of 163Ho toMeasure the Electron NeutrinoMass with
sub-eV sensitivity) [13] and NuMECS (Neutrino Mass via
163Ho Electron Capture Spectroscopy) [14], that follow a
similar approach based on cryogenic detectors. For all these
projects, it is necessary to determine the parameters of the
163HoEC spectrumwith high precision.Herewewill discuss
a newly obtained spectrum taken with MMC detectors that
allows for the determination of several of these parameters
with unprecedented precision in a cryogenic experiment.
The MMCs used in this experiment are energy-dispersive
detectors operated at temperatures below 100 mK [30,31].
Theyarecharacterizedbyaparamagnetic temperature sensor,
typically Au or Ag doped with Er at a concentration of a few
hundredppm,positioned inaweakmagnetic fieldof theorder
of∼mT.The sensor is tightly connected to a particle absorber
and weakly connected to the thermal bath. The deposition of
energy into the absorber generates a temperature rise in the
detector, leading to a change of magnetization of the sensor,
which is read out by a low-noise high-bandwidth dc
Superconducting Quantum Interference Device (SQUID).
The resolving power E=ΔE of these detectors approaching
5000, the intrinsic response time well below 1 μs, and the
excellent linearity make MMCs attractive for the high-
precision measurement of the 163Ho spectrum [32].
The first MMC chip prototype we have developed for
these measurements consists of four individual detector
pixels, positioned on one silicon chip of 5 × 5 mm2. The
detailed design and the performance of the detector have
been described in [29]. The layout is based on the double-
meander geometry [31]. Only one wing of each gradio-
metric double meander was equipped with a sensor and an
absorber. The 163Ho source was enclosed into the Au
absorber via online ion implantation, which was performed
at ISOLDE-CERN [33], and yielded a total activity per
pixel of A ≈ 0.01 Bq. The absorbers were designed in such
a way that the source is surrounded in each direction by at
least 5 μm of gold, ensuring a quantum efficiency close to
100% for the energy emitted in the EC decay of 163Ho. The
detector was mounted at the mixing chamber of a dilution
refrigerator with base temperature of T ¼ 20 mK and was
operated at a chip temperature of T ¼ 29 mK.
The 163Ho spectrum was obtained by simultaneously
measuring two of the four pixels. Each of them was read
out with an integrated two-stage SQUID of the type
C6X114W produced by the Physikalisch-Technische
Bundesanstalt PTB in Berlin [34]. The output signal of
the SQUIDs, after being amplified by a room-temperature
electronics [35], was split into two channels. One of them,
used as a trigger, was strongly band-pass filtered, while the
other was only low-pass filtered to prevent aliasing and was
recorded as a trace for offline analysis. All resulting four
channels were digitized by a four-channel 14-bit digitizer
[36]. Whenever one of the two trigger signals exceeded the
trigger level, both traces were acquired on the same time
window. The synchronization of the data acquisition for the
two pixels allowed for a coincidence analysis.
Since only one of thewings of the doublemeander of each
detector was covered with a Au:Er film, the detectors were
highly sensitive to temperature changes in the silicon
substrate. Because of that, an event in one pixel leads to a
signal via thermal cross talk in the neighboring pixels having
an amplitude corresponding to about 1% of the signal in the
primary detector. Note, however, that for events due to the
EC in 163Ho, the cross-talk signals are below the detection
threshold of 30 eV. Thus, the sensitivity to the substrate
temperature allowed us to distinguish three types of signals:
(1) events caused by a direct energy deposition in one pixel,
where only one detector registers a signal, (2) events where a
sufficiently large energy is deposited in one pixel so that a
thermal cross-talk signal in the neighboring pixels is
observed, and (3) events due to particles interacting in the
substrate and causing a slow rising signal in all detectors.
Obviously, these three kinds of signals have different pulse
shapes.Using just pulse-shapediscrimination, it is possible to
distinguish the three families down to an energy of about
300 eV. For smaller energies the signal-to-noise ratio is not
sufficient to safely separate all three classes. However,
substrate and cross-talk events give rise to a coincident signal
in all four detectors. By synchronizing data acquisition of the
two pixels, anticoincidence can be used to select direct events
in a detector. Figure 1 shows a scatter plot where the
amplitude of channel 1 is plotted versus the amplitude of
channel 0. The events showing vanishing amplitudes in either
channel 0 or channel 1 correspond to direct events in the
opposite channel, while the events scattering around the
diagonal belong to the twobackground classes just discussed.
By selecting only the direct events in channel 0 and
channel 1 and summing several of such measurements, the
spectrum showed in Fig. 2 has been obtained. The back-
ground events can be clearly eliminated down to about
150 eV. Below this threshold, a small number of back-
ground events survives the cut and an exponential function
is used to describe this background, as shown in Fig. 2 as
the grey shaded region.




In order to analyze this spectrum we use a simplified
model in which just first-order excited states in 163Dy,
characterized by one hole left by the captured electron and
one 4f electron, are considered. In this case the differential
spectrum can be written as
dW
dEc










2π½ðEc − EHÞ2 þ Γ2H=4
: ð1Þ
Here,mν is the effective electron neutrino mass. The natural
Lorentzian line shape of the different spectral lines H is
characterized by the line central energy EH, the intrinsic
linewidth ΓH, and the amplitude, which is given by the
squared electron wave function at the nucleus φ2Hð0Þ
multiplied by the overlap and exchange correction BH of
the order of a few percent [37]. The value C is a constant.
The peak energies EH and the intrinsic linewidths ΓH of
four resonances in the 163Ho spectrum corresponding to the
MIð3sÞ, MIIð3p1=2Þ, NIð4sÞ, and NIIð4p1=2Þ lines, have
been determined in a previous experiment to a precision of
ΔEH < 1.0 eV and ΓH < 1.0 eV, given by uncertainties on
the calibration and the fit [38]. This experiment used the same
detectors as for the reported measurement and an external
55Fe source for calibration. The parameters are summarized in
Table I, together with the binding energies EbinH of the
captured electrons with respect to the Dy atom, and literature
values of the linewidths ΓlitH for comparison [39]. Note that
there is a systematic shift of the experimental peak positions
to lower energies when compared to the electron binding
energies of the daughter atom. Such a difference is expected
due to the presence of the additional 4f electron in the
dysprosiumshell after the electron capture. The peak energies
can be given in first approximation byEH ≈ EbinH − E4f [24].
At the same time, the linewidths ΓH derived from fitting the
spectrum agree well with the expected and previously
reported values. Only thewidth of the NII line is significantly
broader in ourmeasurement.At this pointwe donot know the
origin of this surprising discrepancy.
The parameters EexpH and ΓlitH have been used as input to
analyze the new reported spectrum; therefore, no additional
calibration source was necessary. The spectrum shown in
Fig. 2 was obtained by summing 28 single spectra, acquired
in the synchronized mode. The line shapes are given by the
convolution of the intrinsic line shapes, as defined by Eq. (1)
and the detector response, well described by a Gaussian
modified by an exponential function towards low energies,
which accounts for energy losses caused by athermal
phonons. These are created in the first phase of the energy
deposition in the absorber and can reach the solid substrate
without depositing their energy in the detector [43]. Note
that this effect can be reduced byminimizing the contact area
between the absorber and temperature sensor, as demon-
strated for MMCs in [27,31]. The detector used here did not
have such a reduced contact area and, therefore, around 10%
of the events are affected by this energy loss mechanism.
The analysis of the summed spectrum resulted in an
instrumental linewidth EFWHM ¼ 8.3 eV. Under optimal
conditions the detectors at 29 mK have an expected energy
resolution of ΔEFWHM ¼ 6 eV. The reason for the slightly
worse energy resolution can be explained by a somewhat
higher readout noise than expected.
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FIG. 1. The amplitude of the events in channel 1 plotted versus
the amplitude of the events in channel 0. The number of counts
per bin for all possible combinations in the defined plane is given
by the color code shown on the right.
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FIG. 2. Measured 163Ho EC spectrum (black histogram) and the theoretical description (green filled area). The background
contribution that survived the cuts is shown in grey. In addition to the five lines of the 163Ho spectrum, three lines due to 144Pm EC can be
seen. The latter was coimplanted with the desired 163Ho. The insert shows a magnification of the N-lines region which emphasizes the
presence of additional structure in the spectrum due to higher-order excited states in 163Dy.




Let us now turn to thediscussionof theobserved spectrum.
Besides the lines from the 163Ho electron capture, three lines
due to 144Pm electron capture can also be seen around
1.5 keV. This impurity was ion implanted as 144PmFþ of
mass 163 u alongside the desired 163Ho [29]. Four of the lines
associated with the EC of 163Ho (MI, MII, NI, and NII) have
been observed in previous experiments [28,38]. The novel
anticoincidencediscriminationused in this analysis hasmade
possible for the first time theobservation andcharacterization
of thedeexcitationpeakdue to electron capture from 163Ho5s
shells, the OI line, at an energy of E ¼ 48 eV and with an
intrinsic linewidth of ΓOI ¼ 5.6 eV. As expected, the peak
energy is shifted, with respect to the binding energy of 5s
electrons in 163Dy, to lower values. However, we would like
to point out that this shift is significantly smaller than for all
other lines and may point to interesting additional atomic
physics effects not incorporated in the present description.
The simplified theoretical model, including only first-
order transitions described by the parameters given inTable I,
successfully describes the spectrum shown in Fig. 2, as
indicated by the green areas. It only fails to describe the
events aroundE ¼ 450 eV, as can bewell seen in the inset in
Fig. 2. Since background can be ruled out as an explanation,
we have to assume that the origin is related toECprocesses in
163Ho. In fact, recent theoretical models point to additional
features in the spectrum due to higher-order excited states in
163Dy generated during EC in 163Ho, which can be described
as states with two or three holes in the dysprosium shells
[44–47]. However, at this point a quantitative agreement of
data and theory is still lacking, indicating that the theoretical
description of the higher-order processes is incomplete.
Because of the relatively low statistics and the fact that
we cannot discriminate deexcitation with x rays from
deexcitation where only electrons are involved, we cannot
deduce any information on the Interal Bremsstrahlung in
Electron Capture (IBEC) spectrum, as discussed in [24], by
analyzing our data.
Finally, in order to obtain the QEC value from the
analysis of the new 163Ho spectrum, we consider that the
amplitude of each line depends on the phase-space value at
the peak energy. Therefore, the number of counts in each
resonance, nH, can be written as a function of QEC, under
the assumption that neutrinos are massless and that only
first-order excited states in 163Dy are considered,
nH ¼ CðQEC − EHÞ2φ2Hð0ÞBH: ð2Þ
The number of events nH for each deexcitation line is
calculated using the fit function, obtained by the convolution
between the intrinsic line shape defined by Eq. (1), and
integrating the single lines, as reported in Table I. To extract
QEC it is convenient to fit the value given by the square root
of the number of events in each line divided by φ2Hð0Þ and
BH, which is the value of the phase-space term at the peak








ðQEC − EHÞ: ð3Þ
Only the MI, MII, and NI lines have been used to obtain the
QEC value, since their large amplitudes make them the least
affected by background or possible unknown systematics
while still covering most of the energy range. The NII line is
not included because it suffers from a large linewidth that is
not understood, and theOI line is not included because of the
additional background cut. Figure 3 shows the phase-space
factor calculated using the number of events in each line nH
as a function ofEH with a linear fit. The point at which the fit
crosses the energy axis gives the energy available for EC in
163Ho of QEC ¼ ð2.858 0.010Þ keV. While only the MI,
MII, and NI lines, weighted by their statistical uncertainties,
are included in the fit, the OI line agrees with the fit rather
well, while the NII line shows a significant deviation. This
result supports the assumption that the shape description for
the NII line is currently incomplete, which will be addressed
in future measurements and theoretical investigations. The
systematic uncertainty onQEC is governedby the uncertainty
on the capture probabilities φ2Hð0ÞBH, which are based on
theoretical calculations. Assuming a systematic error of
5% on the values given in Table I, which also includes
TABLE I. The parameters used in or resulting from the fit to the
measured spectrum in Fig. 2. A detailed description of the
parameters can be found in the text. Additionally, the number
of events nexpH in the measurement per line is given.
H MI MII NI NII OI
ðBH=BMIÞ×
ðφ2Hð0Þ=φ2MIð0ÞÞ [37]
1 0.051 0.244 0.012 0.032
EbinH =eV [40] 2046.9 1844.6 420.3 340.6 49.9 [41]
EexpH =eV 2040 1836 411.1 330.3 48
ΓlitH=eV [39] 13.2 6.0 5.4 5.3 3.7 [42]
ΓexpH =eV 13.4 4.8 4.7 13 5.6













Φ(E) = mφ⋅E + nφ
mφ = -0.308±0.002 keV
-1
nφ = 0.879±0.004
QEC = 2.858±0.010 keV













FIG. 3. The calculated phase-space factors for the QEC evalu-
ation. Only the black data points enter into the linear fit. The lower
plot shows the residuals from the fit and the statistical errors.




uncertainties related to the insufficient understanding of
higher-order excited states in 163Dy, the analysis leads to
QEC ¼ ð2.858 0.010stat  0.05systÞ keV: ð4Þ
In summary, we presented a new high-precision measure-
ment of the 163Ho electron capture spectrum with an energy
resolution of ΔEFWHM ¼ 8.3 eV obtained with metallic
magnetic calorimeters making use of synchronized acquis-
ition. The 163Ho source has been enclosed in the detectors by
ion implantation at ISOLDE-CERN. For the first time, the
deexcitation from electron captures of 5s electrons was
observed in a calorimetric experiment showing a peak at
EOI ¼ 48 eV with an intrinsic linewidth of ΓOI ¼ 5.6 eV.
This extends the description of the 163Ho EC spectrum
towards lower energies and, thus, allows not only for a more
reliable energy calibration of future spectra, but also
strengthens the quantitative understanding of the spectrum.
The analysis of the relative amplitudes of the measured
resonances allowed for the determination of the energy
available to the electron capture in 163Ho. The obtained value
QEC ¼ ð2.858 0.010stat  0.05systÞ keV agrees very well
with the value obtained by Penning trap mass spectrometry
andunderscores again thevalidity of the calorimetricmethod
using MMCs. In particular, it proves that the self-calibration
of the 163Ho spectrum, together with the excellent linearity of
MMCs, allows for a precise definition of the energy scale at
the endpoint region of the spectrum, which is of importance
for the neutrino mass determination.
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